Abstract: Using a structural decomposition analysis, we analyze the causes of reduction in emitted sulfur originating from the manufacturing industry in Sweden during [1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989][1990][1991][1992][1993][1994][1995]. We also analyze how policy instruments work with respect to sulfur emissions. We conclude that the sulfur tax has been important for reducing sulfur emissions. It affects energy prices, and hence substitution from heavy fuel oil (HFO) to light fuel oil (LFO), as well as substitution from oil to other energy sources. The sulfur tax also addresses sulfur emissions through a reduction of sulfur content of oil directly.
INTRODUCTION
Sulfur emissions in Sweden dropped about 95% from the mid-1970s to the 1990s. The purpose of this paper is to contribute to the understanding of the causes of the reduction in emitted sulfur, and how policy instruments work with respect to sulfur emissions. Sweden is one of the countries that have pursued the most ambitious policy when it comes to combating the precursors of acid rain. 4 Sweden has used a series of strict policy instruments, including both mandatory limits on the sulfur content of fuel, and high sulfur taxes (introduced in 1991): roughly $3500 per ton of sulfur. This can be compared with permit prices in the US of $100 per ton, or with the tax in France of $20 per ton. In Sweden sulfur emissions have mainly been affected in four ways: through a regulation, a sulfur tax, CO 2 tax, and a more general energy tax.
With structural decomposition analysis (SDA) it is possible to distinguish and quantify changes in complex relationships. By applying SDA we hope to provide important information on the scope for policies addressing emissions from energy consumption. In general, we follow the approach taken by Torvanger (1991) , in which, following the original definition of Divisia indices, see Ang (1995) , he deduces the conventional Divisia index for energy-induced gas emissions (specifically, carbon-dioxide emissions in nine OECD countries). The same method was later applied by Ang and Choi (1997) , who decomposed energy-induced gas emissions in general, and for Korean industry in particular. There are several studies done on carbon dioxide with this method, e.g., Ang and Choi (1997) and Casler and Rose (1998) . Lin and Chang (1996) did a study on energy-induced gas emissions with respect to sulfur in Taiwanese industry. However, earlier decomposition analyses were limited in their direct policy conclusions; i.e., they did not relate emissions-changes to actual economic factors, such as tax changes and emissions-related regulations.
We here separate the effect of improved energy effectiveness from that of substitution between energy sources. These are the two effects, which anecdotal evidence and previous studies have indicated to be the most important when it comes to changes in energy consumption (see Walfridsson, 1987; Dargay, 1988; and Howarth et al., 1991) . We will discuss our decomposition results in a policy framework, and in particular will show evidence of that relative prices of energy do matter, and in fact have large effects on sulfur emissions.
THE DATA
We decompose sulfur emissions from industrial oil consumption in Swedish manufacturing industry during 1976-1995, i.e. excluding the heat and power industry; 5 in particular, we decompose sulfur emissions from light fuel oil (LFO) 6 and heavy fuel oil (HFO). The sulfur content in both LFO and HFO has decreased over time as a result of desulfurization in the refinery industry. Pollution abatement at the plant level 7 , is only undertaken in the heat and power industry and in some highly energy intensive industries; reduced sulfur emissions by abatement technologies are therefore seen here as marginal and are not analyzed.
The data set contains total and per sector consumption of LFO and HFO (in 1000 metric tons); total and per sector industrial production in Swedish kronor (SEK), at 1990 prices (IEA, 1998; IFS, 1999) ; and prices and taxes of LFO and HFO in Swedish kronor (SEK) per 1000 5 In our case, LFO is primarily light heating oil for industrial and commercial uses. 6 Sulfur emissions originating from industrial oil consumption were in the range of 6-12% of total sulfur emissions in Sweden during the period 1987 to 1995. 7 The cement industry can be said to abate sulfur in the production process (personal communication with
Roland Jarsin, Swedish Petroleum Institute).
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There has been a considerable difference between actual and the maximum allowed sulfur content during the later years of the period. The Swedish sulfur tax was introduced in 1991, levied on the sulfur content of fuel (oil, peat, and coal). 11 The tax rate is 30,000 SEK/ton of sulfur, 12 and is only paid on oil which contains more than 0.1 % sulfur. Liable to taxation are both oil companies and large-scale consumers who declare their use of taxable fuels. For oil with sulfur content above 0.1 %, the sulfur tax is just added to the price that firms buy from oil companies. The major expected effect of the tax was to reduce the sulfur content in LFO below 0.1% (SEPA, 1997) , and this effect is in fact corroborated in Figure 2 .
Thus no sulfur tax was ever actually charged on LFO. For HFO first sulfur levels dropped below the allowed maximum (0.8%) already two years before the tax went into effect, due to some sort of "announcement effect". The sulfur level dropped considerably more when the 11 For an overview of other countries using a sulfur tax, see e.g. Cansier and Krumm (1997) . 12 i.e. 34 EURO/ton (1 SEK=0,11 EURO, December 1999).
tax went into effect, and then declined progressively to less than half the former level. Even as the sulfur level declined, however, the sulfur tax share in total energy tax rose, as Figure 2 shows, but this was due rather to a decrease in other energy taxes. Figure 3 shows the total real price including energy, sulfur, and CO 2 taxes of LFO and HFO over time. The sulfur tax introduced in 1991 narrowed the gap between the prices, but HFO still remained cheaper than LFO. Thus, the incentive effect of the sulfur tax to substitute HFO for LFO was weakened. 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6
Swedish Crowns Price HFO Price LFO Source: IEA (1990 IEA ( , 1992 IEA ( , and 1995 . Figure 4 shows the energy tax share (including sulfur tax and CO 2 ) of the total price of HFO and LFO. An energy tax reform was implemented the 1 st of January 1993, and a sharp cut in tax shares can be observed. The tax share for LFO has ranged from less than 10% in 1979 for LFO to over 50% in 1992, while for HFO the tax share has ranged from about 15% to almost 70%. 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6 Taxshare Tax share of HFO Tax share of LFO Source: IEA (1990 IEA ( , 1992 IEA ( , and 1995 .
There are other possible substitutes besides LFO and HFO. The most important is electricity, which is an alternative especially for those firms -primarily in light industry -that want to have flexibility in their energy consumption. Other possible energy sources are natural gas and coal, which are mainly used by energy intensive industries. Such industries, where energy costs stand for a large part of total costs, have an incentive to invest in flexibility among energy sources; in particular between oil and electricity. These industries are then responsive to relative price changes, and can to a large extent, for example, switch from oil to electricity overnight. For those firms, where energy costs stand for a small part of total costs, substitution between energy sources is much less probable in the short run, because these firms are not likely to have invested in flexibility regarding energy use. The choices of energy source, and hence investment in furnaces, boilers etc, have long run implications for industrial energy use. Figure 5 shows how energy consumption for the various energy sources in Swedish manufacturing industry has changed during the period studied. The consumption of electricity, natural gas, and energy from waste and renewables have increased, while oil consumption has decreased over time, and coal has been relatively steady. 1 9 7 5 1 9 7 7 1 9 7 9 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 ktoe electricity coal waste and renewables gas oil Source: IEA (1997a) .
METHOD
This section starts with a definition of variables and derivation of the method -structural decomposition analysis (SDA) approach -, and is followed by a discussion on how the decomposition terms are to be interpreted. In our decomposition of oil-induced sulfur emissions we will use the following variables: 13 Consumption of coal has been relatively constant during the period studied (see Figure 5 ). Data on the sulfur content of coal is highly uncertain, but assuming a constant sulfur content, emissions originating from coal 
U ij = Sulfur emission coefficient of fuel j in sector i, given by emissions per unit of energy use (S ij / O i )
Torvanger (1991) decomposed emission intensity (emissions divided by value added), by deriving and using a Divisia index decomposition (an exponential of a weighted sum of growth rates). Ang and Choi (1997) used the method derived by Torvanger, with one exception: They used a multiplicative error term, instead of an additive one. Instead of decomposing emission intensity, however we will here decompose changes in actual emissions, S, and we note first that:
Dividing I i into two parts, we get: (ii) ) residual in the substitution and/or in the energy effectiveness term, which is the structural effect within sectors; both the terms can be affected by changes in product mix within sectors, but our assessment is that the major effects are substitution to other energy sources and increased energy effectiveness, so we will ignore this. 14 Finally, the production term ( prod D )
captures emission changes due to changes in total production value. An increase in production will yield a positive term. Below we will discuss the contribution of each decomposition term separately. Table 1 presents the decomposition results as yearly changes in emitted sulfur for easier comparisons over time. 
EMPIRICAL RESULTS

From our analysis it is
Sulfur emission coefficient
As is evident from data, there was no change in emitted sulfur due to a reduction of of the total change that year. The largest reduction attributable to a change in sulfur content (2.12 kilotons) was in 1991 coinciding with the actual introduction of the sulfur tax. Hence, the decomposition results again indicate the importance of the sulfur tax.
Structural changes
Structural changes ( str D ) in industry over the period resulted in a small reduction of emitted sulfur (0.82 kiloton), reflecting relative growth in sectors that use less oil. The most striking change is that the transport equipment and machinery sector increased from approximately 39% in 1976 to 50% in 1996. All other sectors -except the chemical sectordecreased their share of production value with as the only exception.
Fuel share
There was net substitution from HFO to LFO ( fsh D ) for the period as a whole; overall reduced sulfur emissions of 1.41 kilotons, and this was true for all but six individual years; between 1979 and 1981 , and between 1992 and 1994 
Thus the bigger the price difference between LFO and HFO (price of oil is SEK per thousands liters) the more sulfur is emitted; conversely, increasing the tax share on HFO relative to LFO, e.g. in the form of a higher sulfur tax, will result in lower sulfur emissions.
Calculating elasticity at the sample mean, a one percent increase in the price difference between light and heavy fuel oil will give an increase of 0.03% in emitted sulfur.
Substitution between oil and energy (electricity, waste, renewables, and natural gas )
Substitution from oil to other energy sources yielded the highest sulfur reduction over the period (20.26 kilotons, or almost two thirds of the total reduction). The only years with increasing emissions from this source were between 1992 and 1994, which are also the years with increases in total emissions. This trend break coincides with abolition of the industrial energy tax (although the CO 2 tax remained in effect) on January 1, 1993, and indicates that substitution to oil from other energy sources occurred then due to the tax reform. Market prices of electricity and oil 16 are of course not in themselves policy instruments, but they are amenable to change through policy instruments such as energy or sulfur taxes, which thus can affect substitution possibilities and sulfur emissions. Model 2 shows the expected effects that a lower price on electricity will decrease sulfur emissions.
17
(2.62) (-1.55) (-3.71) 0.019 0.55 --37.24
Calculating elasticity at the sample mean, a one percent decrease in the price of electricity gave a 1.83% decrease in emitted sulfur. The price effect of oil on emitted sulfur, 16 Price of oil is SEK per thousands litres and electricity is average price; SEK per GWh. The oil price is weighted with consumption share of LFO and HFO respectively. 17 t-statistics are again presented in parentheses. The model was estimated by OLS. AR (2) correction did not solve the problem of autocorrelation. The results are insensitive to specification of the lag structure of the error term.
however, was statistically insignificant. 18 Thus we found no evidence that a lower price of oil would induce an increase in emitted sulfur. Nevertheless, acknowledging that our estimations are based on relatively few observations, we still find it relevant to calculate the elasticity at sample mean. It is -0.37; i.e., a one percent reduction of the price of oil resulted in a 0.37% increase in sulfur emissions. Thus, the elasticities indicate that, with respect to sulfur emitted, lowering the price of oil is not equivalent to increasing the price of electricity.
Energy effectiveness
About one third of the total reduction in emitted sulfur was due to increased energy effectiveness (11.68 kilotons). Economic theory suggests that higher energy prices in relation to other production factors induce technological progress, which in our case is captured in the effectiveness term. Our results indicate that technological improvements during the period have been substantial. Figure 7 explores the relation between energy prices and labor prices. 1 9 8 0 1 9 8 1 1 9 8 2 1 9 8 3 1 9 8 4 1 9 8 5 1 9 8 6 1 9 8 7 1 9 8 8 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5
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From 1980 through 1984 the price of energy relative to labor increased, and this was a period of higher eff D terms -in other words, of greater, energy saving technological change.
After that the price of energy fell relative to labor, and the eff D terms are considerably smaller. It seems reasonable to think that these changes reflect the changes in the relative price of energy and labor. When the relative price of energy in relation to labor increased the incentive for firms to invest in energy effectiveness, both in the short run and the long run increased. A firm can increase energy effectiveness in the short run (every year) by trimming or by buying new technology. In the long run technological progress occurs through innovation. Still, in the short run, changes in relative prices cannot affect investment decisions already made, which might explain why the eff D term was negative for most years after 1984 with a few exceptions, when it was approximately zero. There may also have been expectations following from the first and second oil crises, which require the inclusion of complex lag structures. A deeper analysis lies beyond the scope of this paper.
Production effect
Not surprisingly, emissions increased over the period due to increased production ( prod D ), Though the effect was negative in the late seventies and early nineties reflecting economic recessions.
CONCLUSIONS
We draw five important conclusions regarding industrial oil use and resultant sulfur emissions. First, there has been substantial substitution from oil to other energy sources in the manufacturing industry, and the econometric evidence shows that energy prices do matter and can be used as a policy variable. Second, sulfur emissions have decreased as a result of increased energy effectiveness; i.e., technological progress has been an important source for decreasing sulfur emissions. Third, structural and production effects exist, but are of less importance. Fourth, the introduction of the sulfur tax resulted in large reductions in emitted sulfur. Finally, increasing the tax would increase substitution from HFO to LFO and hence further reduce emitted sulfur.
To summarize, the sulfur tax has been important for reducing sulfur emissions. The sulfur tax affects energy prices, and hence substitution between LFO and HFO, as well as substitution from oil to other energy sources. It even acts to reduce the sulfur content of oil directly.
